Identification and expression-profiling of Xenopus tropicalis miRNAs including plant miRNA-like RNAs at metamorphosis  by Hikosaka, Akira et al.
FEBS Letters 581 (2007) 3013–3018Identiﬁcation and expression-proﬁling of Xenopus tropicalis
miRNAs including plant miRNA-like RNAs at metamorphosis
Akira Hikosaka, Kenji Takaya, Michiko Jinno, Akira Kawahara*
Division of Behavioral Sciences, Graduate School of Integrated Arts and Sciences, Hiroshima University, Kagamiyama 1-7-1, Higashi-Hiroshima
739-8521, Japan
Received 20 February 2007; revised 11 May 2007; accepted 18 May 2007
Available online 29 May 2007
Edited by Shou-Wei DingAbstract Small RNAs (miR159-like RNAs) identical to some
plant miR159s were found in Xenopus tropicalis miRNA cDNA
libraries (30 miRNA families consisting of 75 unique sequences).
Preferential expression of this RNA species was found in neural
tissues during development. A sequence matching to this RNA
species was not found in the 21 available animal’s genome dat-
abases, but its resembling sequences associated with transposons
were found in the X. tropicalis database. A possibility of horizon-
tal transfer of the miR159 genes from plants will be discussed.
Expression proﬁles of other miRNA species at metamorphosis
were shown by DNA array and/or Northern hybridization.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Both plant and animal miRNAs have been shown to play
important roles in development and physiology by directing
post-transcriptional regulation of genes [1,2]. miRNAs are
transcribed from genes located in the introns of protein-coding
genes or in intergenic regions of the genome, and formed by
Dicer RNase III-dependent excision from foldback RNA pre-
cursor transcripts (pre-miRNA). Unlike short interfering RNA
(siRNA), only one of the strands of hairpin precursor mole-
cules matures as miRNA.
Many miRNAs are evolutionarily conserved among related
organisms. For an example, members of the let-7 family are
conserved across bilaterian phylogeny [3]. In plants, miRNAs
work by recognizing near-perfect complementary sequences
in the coding region of the target mRNAs and they direct
cleavage of the target [4]. On the other hand, animal miRNAs
direct translational inhibition by binding to the 3 0-UTR of tar-
get mRNAs with partial base-pairing. In particular, vertebrate
miRNAs need only 6–7 nucleotides for the translational silenc-
ing [5–7]. The diﬀerences suggest that the plant and animal sys-
tems may have originated independently in the evolutions of
the two kingdoms from the ancestor unicellular organism [8].
However, recently, plant miRNAs closely related to animal
miR854 family were identiﬁed, suggesting a common origin*Corresponding author. Fax: +81 824 24 0759.
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doi:10.1016/j.febslet.2007.05.054of these miRNAs [9]. In a study to gain insight into the roles
of miRNAs in amphibian metamorphosis, we found frog mi-
RNA species that had the same sequences as plant miR159s.2. Materials and methods
2.1. Animals
Embryos and tadpoles of Xenopus tropicalis and Xenopus laevis were
raised in our laboratory as described elsewhere [10]. Development of
the animals was staged according to Normal Table of X. laevis [11].2.2. Preparation of low molecular weight RNAs
Total RNA was isolated by a guanidium isothiocyanate/phenol–
chloroform procedure [12]. Low molecular weight RNAs (LMW-
RNA) were fractionated from the total RNA by the polyethyleneglycol
(PEG)-precipitation method (RNA was incubated in 8% PEG-0.5 M
NaCl on ice for 60 min and then centrifuged at 15000 rpm for 20 min).2.3. Cloning of miRNA cDNA
After electrophoresis of 20 lg LMW-RNA on denaturing 10% poly-
acrylamide gel (5.5 M urea:22% formamide), small RNAs (15–30 nt)
were prepared. The miRNA cDNA was prepared as follows: (1) liga-
tion of 5 0-adapter RNA (AGAUCUAGAGGAGAAUUCAG) to the
small RNAs with T4 RNA ligase (Promega), (2) fractionation of the
ligated RNAs by the denaturing gel electrophoresis, (3) ligation to a
3 0-heteroduplex adapter (5 0-phospholylated RNA annealed with a
DNA 3 0-primer: pGAGGAAUUCGAGCUCGGUAC/TAGGGTA-
CCGAGCTCGAATT), and (4) reverse transcription of the ligates
primed with the DNA 3 0-primer. The miRNA cDNAs were ampliﬁed
by two-step hot-start PCR (94 C/2 min, 30 thermal cycles of 50 C/
12 s. 94 C/10 s, and 68 C/5 min) with KOD-plus DNA polymerase
(Toyobo), using a primer set of AGATCTAGAGGAGAATTCAG
and TAGGGTACCGAGCTCGAATT. After 10% polyacrylamide
gel electrophoresis of the EcoR1-digested PCR products, 30–40 bp
cDNAs were prepared. The cDNAs were concatemerized in the liga-
tion buﬀer-containing 10% PEG with T4-DNA ligase. Concatemers
of the cDNAs were cloned into a pBluescript II SK (Stratagene)
using XL-1 blue cells. After ampliﬁcation by colony PCR using a pri-
mer set of TTTTCCCAGTCACGACGTT and AGCTATGACCAT-
GATTACGC, the cloned cDNAs were puriﬁed, and then sequenced.2.4. Expression analysis
Digoxygenin (dig)-labeled locked nucleic acid (LNA)-oligonucleo-
tides were purchased from B-Bridge International, Inc. Northern
hybridization and whole-mount in situ hybridization were carried
out according to the method of Kloosterman et al. [5] with some mod-
iﬁcation (total yeast RNA was included in the hybridization buﬀer at a
concentration of 100 lg/ml, and the hybridization and washings were
carried out at 55 C). Oligonucleotides (non-LNA-oligonucleotides)
complementary to miRNAs were labeled by terminal deoxynucleotidyl
transferase (TdT) reaction in the presence of dig-ddUTP and dig-
dUTP (1:2 mol/mol). The hybridizations and washings were carried
out at 37 C and 40 C, respectively.ation of European Biochemical Societies.
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tomo Bakelite). Antisense oligonucleotides were polydeoxyadenylated
by TdT reaction and immobilized on the array plate. Target dig-la-
beled DNAs were prepared by synthesis of miRNA cDNA as
described above, and dig-labeling by 5 0-primer (AGATCTAGAG-
GAGAATTCAG)-directed PCR in the presence of dig-dUTP and
dTTP (1:2 mol/mol). Hybridization signals were detected on X-ray ﬁlm
by a chemiluminescent method using a POD-conjugated anti-digo-
xygenin Fab fragment (Roche Diagnostics).Table 1
miRNAs cloned from metamorphosing Xenopus tropicalis
Namea Numberb Sequencec
miR-143a 68 + 4 UGAGAUGAAGCACUGUAGCUCu
miR-143b 2 UGAGAUGAAGCACUGUAGCUCau
miR-133a 14 + 3 UUGGUCCCCUUCAACCAGCUGU
miR-133b 1 UUGGUCCCCUUCAACCAGCUAg
miR-128 13 + 2 UCACAGUGAACCGGUCUCUUU
miR-10a 1 UACCCUGUAGAUCCGAAUUUGU
miR-10b 5 + 2 UACCCUGUAGAACCGAAUUUGU
miR-10c 1 ACCCUGUAGAACCGAAUUUGgg
miR-10d 1 UACCCUGUAGuUCCGAAUUUGU
miR-30a-5p 1 + 5 UGUAAACAUCCUCGACUGGAAG
miR-30b 2 UGUAAACAUUCUuGACUGGAAGCU
miR-26 2 + 4 UUCAAGUAAUCCAGGAUAGGC
miR-100 2 + 4 AACCCGUAGAUCCGAACUUGUG
miR-99a 2 + 1 AACCCGUAGAUCCGAUCUUGUGu
miR-99b 2 AACCCGUAGAUCCGAUCUUGUGa
miR-205a 2 + 3 UCCUUCAUUCCACCGGAGUCUG
miR-159-like a 3 + 1 UUUGGAUUGAAGGGAGCUCUA
miR-159-like b 1 UUUGGAUUGAAGGGAGCUCUG
miR-27b 1 + 1 UUCACAGUGGCUAAGUUCUGC
miR-27c 1 UUCACAGUGGCUAAGUUCUGCAu
miR-27d 1 UUCACAGUGGCUAAGUUCUGCAa
miR-27e 1 UUCACAGUGGCUAAGUUCUGCUa
miR-200a 1 UAACACUGUCUGGUAACGAUGUUa
miR-200b 2 UAAUACUGCCUGGUAAUGAUGAUg
miR-200c 1 UAACACUGUCUGGUAAuGAUGU
miR-203a 1 + 1 GUGAAAUGUUUAGGACCACUUG
miR-203b 1 UGAAAUGUUUAGGACCACUUGu
miR-192a 1 + 2 AUGACCUAUGAAUUGACAGCC
miR-192b 1 AUGACCUAUGAAAUGAuAGCCa
let-7a 2 UGAGGUAGUAGGUUGUAUAGUU
let-7b 2 UGAGGUAGUAGGUUGUGUGGUU
let-7c 1 UGAGGUAGUAGGUUGUAUGGUU
miR-9a 1 UCUUUGGUUAUCUAGCUGUAU
miR-9b 1 UCUUUGGUUAUCUAGCUGUAUGu
miR-125b 1 UCCCUGAGACCCUAACUUGUGA
miR-125c 1 uUCCCUGAGACCCUAACUUGU
miR-29a 1 UAGCACCAUUUGAAAUCGGUUA
miR-29e 1 UAGCACCAUUUGAAAUCGGUUu
miR-21 1 UAGCUUAUCAGACUGAUGUUGAa
miR-23a 1 AUCACAUUGCCAGGGAUUUCC
miR-83 1 UAGCACCAUAUGAAAUCAGUGU
miR-101a 1 UACAGUACUGUGAUAACUGAA
miR-122 1 UGGAGUGUGACAAUGGUGUUUG
miR-219 1 UGAUUGUCCAAACGCAAUUC
miR-14 1 UCAGUCUUUUUCUCUCUCCUAu
miR-150 1 UCUCCCAACCCUUGUACCAGAG
miR-181a 1 AACAUUCAACGCUGUCGGUGAGUU
miR-194 1 UGUAACAGCAACUCCAUGUGG
miR-206 1 UGGAAUGUAAGGAAGUGUGUGG
miR-204 1 UUCCCUUUGUCAUCCUAUGCCU
miR-92a 1 UAUUGCACUUGUCCCGGCCUGU
miR-215 1 AUGACCUAUGAAAUGAuAGCCa
aNames underlined are X. tropicalis miRNAs present in the miRBase. miR
named.
bNumber of clones having a sequence shown + number of its variants.
cNucleotides shown in lower case do not match to sequences present in the
probes.
dNumerals indicate nucleotide-position in a sequence shown. Marks of ’+’ an
of its nucleotide, respectively.
eAccession numbers of prospective pre-miRNAs in the genome database or2.5. Sequence analysis
miRNA sequence searches were carried out at the miRBase (Data-
base release 9.0: http://microrna.sanger.ac.uk/) according to instruc-
tions [13–15]. Genomic sequences were downloaded from the
Ensembl web site (http://www.ensembl.org/index.html) in November
2006. The X. tropicalis genomic data used was the genome assembly
release v4.1 provided by the Department of energy Joint Genome Insti-
tute (JGI). The secondary structures of pre-miRNAs were predicted
using MFOLD3.1 (http://www.bioinfo.rpi.edu/applications/mfold/).Variant sequencesd Hairpine
21 22, +23u
+1U 22, +1U 21 22, 22 4962
21 4828
4796
1+22G, 1+22G23u 4797
22, 21 22, +23C24U 4813
+22u, 19 20 21 4807, 4808
22, 21 22 4927
22 23
22, +23u 4950
+22g
+22A 4810
22, 21 22 4947
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scaf.11:3186650 3186717
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NAs without information about secondary structure are tentatively
miRBase. Sequences underlined were used for making hybridization
d ’’ followed by the positioned nucleotide mean addition and deletion
in the miRBase (M1000xxxx).
Fig. 1. The miRNA expression proﬁles at metamorphosis. DNA array
analysis was performed on RNAs from tadpoles at pre-metamorphosis
(st. 54) and climax (st. 62) stages: Probes (see Table 1) and two controls
(C1: AGGTTATCTAGAGTCACCAA, C2: CAAGTTCGGATC-
TACGGGTT) were used. The hybridization signals detected on X-
ray ﬁlms (inset ﬁgures) are shown as a histogram.
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3.1. MicroRNAs expressed at metamorphosis
In order to elucidate miRNA species functioning during
metamorphosis of X. tropicalis, we constructed miRNA cDNA
libraries. miRNAs consisting of 30 families (193 sequences, 75
unique sequences) were found (Table 1). Most of them were
known animal miRNAs or their homologous sequences, but
ﬁve sequences were found to be identical to plant miR159.
Major diﬀerences from the known sequences were observed
as substitution of a single nucleotide in the 3 0-terminus, trun-
cation or elongation of 1–2 nucleotides at the 3 0-end, and addi-
tion or deletion of a nucleotide at the 5 0-end. These variants do
not seem to be artiﬁcial products of the cloning procedure.
Most of the miR-143 sequences (68 out of 74 clones) were iden-
tical, suggesting the validity of the present cDNA cloning pro-
cedures. In addition, 5 0 terminal sequences of the variant
miRNAs were extremely invariable for each family, unlike
the diversity at 3 0 terminal sequences. This may be due to
the fact that base-pairing with the 5 0 terminus is essential for
translational silencing. Therefore, we concluded that the vari-
ants were caused by diﬀerential trimming of the same pre-miR-
NAs and/or by transcription from paralogous miRNA genes
within each miRNA family. Some sequences are not detected
in the genome, this is probably due to the incompleteness of
the X. tropicalis genome database [16]. The cloning fre-
quency of each miRNA suggests that miR-143a, miR-128,
and miR-133a are very abundant at metamorphosis. In partic-
ular, the number of miR-143a clones was almost one third of
the total number cloned miRNAs. However, the cloning fre-
quency seemed not to reﬂect exactly the actual abundance in
the miRNA population, judging from the expression proﬁling
results.
Expression proﬁling of miRNAs was done by the DNA ar-
ray method (Most of probes used do not distinguish members
within each family). The results showed that miR-143, miR-
128, miR-133, miR-10 and miR-27 were very abundant in
the miRNA population, whereas miR-26, miR-99, miR-205,
and miR-125 were moderately abundant, and the others were
faintly or not detected in the DNA array analysis (Fig. 1). It
is considered that the present analysis was done under a highly
stringent condition, because miR-99 and miR-100, which diﬀer
by a single base and belong to the same family, seemed to be
distinguished. Overall expression proﬁles were similar in the
premetamorphic (st. 54) and metamorphic climax (st. 62)
stages. We compared expression levels of each miRNA of st.
54 and st. 62 after normalization with miR-133 expression lev-
els in Northern analysis (see below). miR-23 expression seemed
to be metamorphically down-regulated, but miR-200 expres-
sion was up-regulated.
Human miR-143, miR-10 and miR-27 has been reported,
ubiquitously, whereas mammalian miR-128 and miR-133 pref-
erentially are expressed in brain and muscle tissues, respec-
tively [17,18]. miR-27 was reported to be expressed
ubiquitously except in ﬁsh liver [5]. Expression of each miRNA
was also examined by Northern hybridization. Expressions of
miR-143, miR-128, and miR-133 did not signiﬁcantly change
during metamorphosis, but miR-10 expression seemed to in-
crease slightly (Fig. 2). Unfortunately, the signals for the other
miRNAs were too low to be clearly detected by Northern
hybridization. Because let-7 is thought to be important for
metamorphosis due to its role in post-embryonic development[3], we attempted to detect let-7 expression by using a large
amount (15 lg) of LMW-RNA for the analysis. let-7 expres-
sion increased slightly during metamorphosis.3.2. Expression proﬁles of miR159-like RNA and miR-133 in
development
Expression of miR159-like RNAs in X. tropicalis is espe-
cially interesting because their sequences are identical to some
members of the plant miR159 family. First, we investigated the
developmental and tissue-dependent expression proﬁles by
Northern hybridization using LNA-oligonucleotides as
probes. miR159-like RNA expression was detected in the
metamorphic stages, whereas miR-133 expression was faintly
detected from the tail bud stage and at high levels during meta-
morphosis (Fig. 3). The developmental proﬁle of miR-133
expression was consistent with that in X. laevis [19]. The
miR159-like RNA was preferentially expressed in the tail
and brain, and faintly in the intestine, whereas miR-133 was
expressed strongly in the tail. These results were conﬁrmed
by whole-mount in situ hybridization. Signals of miR159-like
RNA were detected in the central nervous system of both X.
tropicalis and X. laevis tadpoles (Fig. 4). The miR159-like
RNA expression was faintly detected in tail bud stage embryos
and clearly detected in head and tail regions of swimming tad-
poles. All neural tissues of the tadpoles seemed to express
miR159-like RNA, contrasting with the restricted expression
of miR-133 to the inner layers of the brain stem. The miR-
133 signal was strongly detected in the tail of the swimming
tadpole, consistent with its role in skeletal muscle development
[20].
Fig. 3. Northern analysis of miR159-like RNA and miR-133 expressions. LMW-RNAs (each 4 lg) were analyzed by Northern hybridization using
dig-labeled LNA-oligonucleotide probes. The tissues were prepared from st. 58 tadpoles. The panel above each blot shows the EtBr-stained image.
Fig. 2. Northern blots of representative miRNAs during metamorphosis. LMW-RNAs (each 4 lg, except for let-7 detection) were loaded on
denaturing 15% polyacrylamide gels. One of the gels was stained with ethidium bromide (EtBr): Arrowheads indicate positions of 5S rRNA and
tRNA.
3016 A. Hikosaka et al. / FEBS Letters 581 (2007) 3013–30183.3. miR159-like RNA gene and its related sequences
How the miR159-like RNA genes were created in evolution is
interesting. Targets of plant miR159s are known to be MYB-
transcription factors that are involved in developmental choice
in cell diﬀerentiation [21]. Complete matches in sequence be-
tween plant miR159s and X. tropicalismiR159-like RNAs seem
statistically unlikely. We searched for genomic sequences for
miR159-like RNAs, but there was no perfectly matched se-
quence in the genome databases of other 20 animal species (Sup-
plementary Table 1). Some of the animals possessed sequences
diﬀerent by one nucleotide from a plant miR159-consensus se-
quence (UUGGAUUGAAGGGAGCUC). However, they (56
sequences) do not have a complementary sequence nearby in
the genome to form typical hairpin structure. In theX. tropicalis
genome database, there are one identical match to the consensus
sequence (scaﬀold_149_2210877-2210894) and two near-identi-
cal matches diﬀerent by one nucleotide from the consensus
(scaﬀold_156_1337871-1337888 and scaﬀold_5728_5878-5895),but no sequence compatible with the mature miR159-like
RNAs. One of them (scaﬀold_5728_5875-5927) and its related
sequences (Supplementary Table 2) could form a hairpin struc-
ture, suggesting the presence of another miR159-like RNA
genes. Each of them locates across a boundary of the frame of
a T2 transposon, XR [22]. These candidate miR159-like RNA
genes might be created by insertion of a T2 transposon into
the site closely adjacent to the sequence for miR159-like RNA
and thereafter duplicated during evolution. Transcripts from
these candidate genes were detected; internal sequences (49
nucleotides in length) of the prospective pre-miRNAs were
ampliﬁed from the LMW-RNAs by RT-PCR (Fig. 5). Recently,
Arteaga-Va´zquez et al. [9] found Arabidopsis thaliana miRNAs
closely resembling animal miR-854 and positive correlations be-
tween their expression and depletion of their target UBP1b
expression in tissues. In addition, conservation of its target, a
UBP1-family member in animals may suggest a common origin
of this miRNA family. However, it remains unclear why the
Fig. 5. Detection of the predicted precursor RNA for a miR159-like RNA. An internal sequence of the prospective precursor of miR159-like RNA (a
lane of RT+) was detected by RT-PCR of tadpole LMW-RNA (primers: ATATTGGATTGAAGGTAGC and TTGTTTTTAAGGTTTAGGTC).
The PCR-product was electrophoresed on a 10% polyacrylamide gel (a). The predicted secondary structure is shown (b) (a sequence closely
resembling plant miR159 consensus sequence is underlined).
Fig. 4. Whole-mount in situ hybridization. The indicated embryos and brains were hybridized in situ with the LNA-oligonucleotide probes.
Abbreviations: on, olfactory nerve; tc, telencephalon; dc, diencephalon; mc, mesencephalon; myc, myelencephalon; inf, infundibulum; lb, lobus
opticacus; cb, cerebellum and sc, spinal cord.
A. Hikosaka et al. / FEBS Letters 581 (2007) 3013–3018 3017postulated miRNA:target interaction including several G:U
base pairings is conserved over one billion years. Interestingly,
some plant miR854 family genes locate within non-autonomous
retrotransposon. The involvement of transposons in genomic
structures for both miR854 and miR159-like RNA raises an
alternate possibility that these genes might be transferred hori-
zontally from a animal or a plant after divergence of plants
and animals. Finding of target mRNAs for miR159-like RNAs
in the frog will be necessary to gain insight into its evolutionary
meanings.
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